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Deciphering how a particular mutation may affect folding of a mem-
brane protein at either the initial membrane insertion step, or in deter-
mining the nature and strength of association between transmembrane
(TM) helices in a subsequent folding step, would provide an essential
foundation for the development of corrective therapies for diseases
that arise from point mutations in multi-spanning membrane proteins
[1]. While signiﬁcant advances have been made in the prediction of ini-
tial translocon-mediated helix insertion [2−7], the ability to predict
the subsequent step in folding, i.e., the creation and speciﬁc nature of ter-
tiary helix–helix interactions, is less well-understood. Using the Popotand Engelman two-stage membrane protein folding model as a guide
[8], one can endeavor to deconstruct the speciﬁc amino acid contribu-
tions to each of these steps. In previous work, we probed the ﬁrst stage
of this process, translocon-mediated insertion [9]. We discovered
through the analysis of a helical protein model that reverse phase-high
performance liquid chromatography (RP-HPLC) can assess the hydropa-
thy of a segment much in the way as does the translocon. These ﬁndings
tended to support the notion that the translocon acts as a passive facili-
tator of helix insertion into the membrane bilayer that can detect a
threshold level of hydropathy of the segment through allowing helix–
lipid interactions to be sampled.
The present work now aims to systematically examine the residue-
speciﬁc inﬂuences onhelix–helix interactions through the generation of
a library of helix-loop-helix segments (transmembrane segments 3 and
4) of the cystic ﬁbrosis transmembrane conductance regulator (CFTR) –
the minimal model that will allow us to probe tertiary interactions –
substitutedwith each of the 20 commonly occurring amino acids at a sin-
gle CF-phenotypic site in TM4 (Val-232). Biophysical analyses of these
constructs are then compared with a corresponding series of single-
stranded TM4 peptide models containing each of the 20 amino acids
substituted individually at the corresponding TM4 position. The results
provide insights into the sequence-dependent ability of the hairpin
model to form helix–helix contacts.
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2.1. Protein expression and puriﬁcation
TM3/4 hairpinswere expressed and puriﬁed as previously described
[10,11] with the sequence: GSGMKETAAAKFERQHMDSPDLGTDDDD-
KAMGLALAHFVWIAPLQVALLMGLIWELLQASAFAGLGFLIXLALFQAGL-
GLEHHHHHH, where bold text indicates the CFTR fragment and
mutated residue X is underlined. Mutations at position 232 that coded
for each of the twenty natural amino acids were generated by use of
the QuikChange site-directed mutagenesis kit (Stratagene). Nickel af-
ﬁnity chromatography was used to purify constructs from BL21(DE3)
cells followed by removal of the solubilization domain with thrombin
cleavage and ﬁnal puriﬁcation using a C4 RP-HPLC gradient of acetoni-
trile prior to lyophilization to obtain pure hairpin, as determined by
the HPLC chromatogram, mass spectrometry analysis and SDS-PAGE
analysis.2.2. Peptide synthesis and puriﬁcation
Peptides of CFTR transmembrane four (TM4) amino acids 221–
241 with sequence: H2N-KKASAFAGLGFLIXLALFQAGLGKK-NH2 were
synthesized via Fmoc chemistry on a PS3 peptide synthesizer (Protein
Technologies, Inc.). Peptide solubility was enhanced by the addition
of two lysine residues to each of the N- and C-termini [12]. Low load
Fmoc-PAL-polyethylene glycol-polystyrene resin (Applied Biosystems)
was used for incorporation of a C-terminal amide group on the ﬁnal
product. Synthesis was performed at a 0.4 mmol scale to residue 233
then divided into four to incorporate each mutant at the 0.1 mmol
scale. The activating pair O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetra-
methyl-uronium hexaﬂuorophosphate and N,N-diisopropylethylamine
was used in a four-fold molar excess. Cleavage and deprotection of the
peptides were completed in a solution of 88% triﬂuoroacetic acid
(TFA), 5% phenol, 5% water and 2% triisopropylsilane. The peptide was
isolated from the cleavage solution through precipitation and sequen-
tial washes in cold ethyl ether prior to drying and resuspension in
water. Final puriﬁcation was completed by reverse phase-high perfor-
mance liquid chromatography (RP-HPLC)with a C4 preparative column
(Phenomenex) in a water/acetonitrile gradient with the presence of
0.1% TFA. Molecular weight and purity were assessed by mass spec-
trometry and SDS-PAGE analysis.2.3. Construct identiﬁcation and quantitation
Expected molecular weights of each construct were conﬁrmed by
either matrix assisted laser desorption ionization-mass spectrometry
(MALDI-MS) or electrospray ionization-mass spectrometry (ESI-MS).
The Micro BCA Protein Assay Kit (Thermo Scientiﬁc) was used to
determine the concentration of TM4 peptides in water using manufac-
turer's instructions and to determine TM3/4 protein concentrations
with standards and samples prepared in 0.3% sodium dodecyl sulfate
(SDS), 50 mM sodium phosphate, pH 7.0.2.4. Circular dichroism (CD) measurements
A Jasco J-810 spectropolarimeter was used to record CD spectra of
TM4 peptides. All spectra were obtained at room temperature in 0.3%
SDS, 50 mM sodium phosphate, pH 7.0 using a cuvette with 1 mm
path length and a peptide concentration of ~30 μM. Each spectrum is
an average of three scans using a response time of 4 s, a 2 nm band-
width and 50 nm/min scan speed between 250 and 190 nm. Spectra
were corrected for solvent background signal then converted to mean
residue ellipticities (MRE).2.5. Sodiumdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
mobility analysis
NuPAGE 12% Bis–Tris gels (Invitrogen)were run in 2-(N-morpholino)
ethanesulfonic acid (MES) running buffer, pH 7.3 at 140 V to resolve hair-
pin and peptide mobilities. Samples of 1–2 μg were prepared in lithium
dodecyl sulfate-loading buffer and loadedwithout boiling. Protein visual-
izationwas completed using either Coomassie Brilliant Blue (G-250) stain
or GelCode Blue Stain Reagent (Thermo Scientiﬁc). Mark12 Unstained
Standards (Invitrogen) were used for molecular weight estimation. NIH
ImageJ [13] was used to measure gel migration distances of samples
with the distance determined by the point of highest density in the pro-
tein band.
2.6. Analytical size exclusion chromatography
SEC analysis was performed as previously described [14]. Brieﬂy,
samples were analyzed using a 7.8 mm×300 mm BioSep SEC-S2000
column (Phenomenex) equilibrated with 10 volumes of mobile phase:
0.3% SDS, 50 mM sodium phosphate, pH 7. Puriﬁed hairpin samples
(~300 μg) were pre-equilibrated in mobile phase prior to injection
and run at 0.5 mL/min. Retention times were determined bymaximum
absorbance at 280 nm.
2.7. Reverse phase HPLC analysis
Analytical TM4 peptide retention times were determined with a
Vydac 218TP C18 column (Grace Davison Discovery Sciences). The
samples were run over an acetonitrile gradient from 20 to 60% in
the presence of water and 0.1% TFA. The gradient was run at 3 mL/
min over 40 min. The analyte was injected as a 1 mL solution of
20 μg peptide in 20% acetonitrile, 0.1% TFA in water.
3. Results
3.1. Sequence- and conformational-dependence of SDS-PAGE mobility
We expressed and puriﬁed a library of 20 hairpins derived from CFTR
TM3/4 segments where the CF-phenotypic residue position 232 is
substituted with each of the 20 commonly-occurring amino acids. The
primarily helical nature of hairpins typical of this library was previously
conﬁrmed, satisfying a key prerequisite of amodel of polypeptide folding
in the lipid bilayer [9]. Previouswork in our lab has shown that SDS-PAGE
can be used as an effective technique to evaluate hairpin interactions
with lipid [10,14,15], as well as its ability to detect changes in migration
due to the substitution of a single amino acid in this 87-residue construct.
Accordingly, the hairpin library was analyzed by SDS-PAGE, with the
resultingmobilities shown in Fig. 1A; although the hairpins have closely
similar molecular weights, signiﬁcant variations in their gel mobilities
are apparent. These differences were quantitated by measuring migra-
tion distances and show statistically signiﬁcant variations among
mutants thatmay be ordered relative toWTmobility (Fig. 1B). It is note-
worthy that the acidic and polar residue mutants such as Asp, Glu and
Asn have the fastest mobilities, while hydrophobic residues such as
Leu and Phe have the slowest mobilities. This trend is consistent with
previous observations of a direct correlation between increased
hydrophobicity and reduced SDS-PAGE mobility in the TM3/4 hairpin
system [14]. However, departures in detail from common hydropathy
scales suggest that other factors, such as mutant-dependent retention
of TM3–TM4 interfacial interactions in SDS, may also be contributors.
3.2. Determining relative hairpin Stokes radius by size exclusion
chromatography
As an alternative technique to assess the effects of detergent loading
onparticle size and shape, size exclusion chromatography (SEC) analysis
Fig. 1. SDS-PAGE analysis of helical hairpins. (A) Gel mobilities for each of the 20 hairpin mutants. The mutation at position 232, numbered according to the corresponding position
within the CFTR transmembrane domain, is indicated at the top of each lane with the wild type V232 outlined in red. (B) Differences in mobilities among mutants were quantitated
throughmigration distancemeasurements with ImageJ [13] and normalized to percent deviation fromwild type V232. Error bars are shown for migration determinations (mean±SEM,
n=3).
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reports the Stokes radius of a particle, a hard sphere model that corre-
sponds to its average hydrodynamic size. Larger Stokes radii therefore
do not universally indicate increased mass but may also correspond to
species that are altered in shape, such that they are less compact and/
or sample a larger volume or range of conformations. However, since
all of the hairpins are of closely comparable molecular weights, reten-
tion time variations in SEC were expected to report the effects of muta-
tions on somecombination of the shape, size,ﬂexibility and/or dynamics
of the hairpin–detergent complexes.
SEC analysis was indeed able to identify signiﬁcant differences
among many of the mutant hairpins (Fig. 2A). We noted that those
mutants migrating faster than wild type on SDS-PAGE tended to have
larger Stokes radii and vice-versa. Mutants displaying smaller Stokes
radii than the wild type Val include Leu, Ile and Phe. On the other
hand, those with the largest Stokes radii include those with the helix-
breaking Pro, acidic Asp, and the polar Asn residue at position 232.
When the trend in the SEC values is compared against SDS-PAGEmo-
bilities (Fig. 2B), a strong inverse correlation is observed (r=0.88,
pb0.05). While the effect of protein–detergent complex shape on gel
mobility is not fully understood, this result suggests that an increase
in protein–detergent complex ﬂexibility and/or dynamics among the
less hydrophobic mutants may permit more rapid sieving through the
gel matrix, even though SEC reports the retention time of an equivalent
hard sphere, while SDS-PAGEmobility is determined by a sieving effect
through a porous matrix.
3.3. Analysis of TM4 single strand peptides in the absence of potential tertiary
folding effects
In order to isolate contributions to SDS-PAGE mobility of CFTR
TM3/4 hairpins arising from protein–detergent vs. intra-protein con-
tacts, a corresponding library of single TM4-only peptides was synthe-
sized and characterized (Fig. 3A), again with each of the 20
commonly-occurring amino acids substituted at position 232. This set
of peptides was ﬁrst assessed for helical content by circular dichroism
(CD) spectroscopy in the presence of SDS micelles (Fig. 3B) and foundto be primarily helical, as evidenced by minima at 208 and 222 nm.
The observed mutant-dependent range in extent of helicity (e.g.,
−6160° at 222 nm for the N-232 peptide vs. −19,647° for the I-232
peptide) appeared, to a ﬁrst approximation, to be consistent with an in-
creased level of SDS interaction with the more hydrophobic sequences
[14]. Parallel measurements of selected TM4 peptides in water showed
spectra typical of unordered structure, conﬁrming that helicity of the
peptides is conferred by interaction with SDS (data not shown). TM4
peptide hydropathy was further quantitated by RP-HPLC to determine
if it matched the trends seen in the hairpin library. Analysis of a scatter
plot between TM4 retention times and previously determined TM3/4
retention times [9] showed a strong correlation of r=0.94 (pb0.05)
(Fig. 4).3.4. Relating TM4 mobility to conformational effects in hairpins
SDS-PAGE analysis was used to determine how mutations at posi-
tion 232 in the TM4 single strand peptide library affect gel migration
in the absence of the ability of the monomeric peptide to form intra-
hairpin contacts (Fig. 5A).We found thatmutations to hydrophobic res-
idues in TM4 display intermediate, closely comparable migrations,
while negatively chargedmutants (Asp, Glu) have the fastest mobilities
and positively charged mutants (Lys, Arg) have slower mobilities. This
latter result is in partial contrast to the trends seen in the TM3/4 hairpin
migrations where both positively charged and negatively charged resi-
dues had faster mobilities.
To compare the mobilities of the TM4 peptides vs. those of the
TM3/4 hairpins, gel migration positions for each series were normal-
ized to a scale between−10 and 10, and then plotted on a scatter plot
where the line y=x would indicate a perfect agreement in migration
variability between the two series (Fig. 5B). A group of hydrophobic
residues (Leu, Phe, Met, Ala, Ile and Cys) fell well off the line y=x,
having little variation among their TM4 peptide mobilities, but dis-
playing signiﬁcant differences among their hairpin mobilities. How-
ever, polar mutations – the acidic Asp and Glu, and the polar
residues Asn, Gln, Ser, Thr and His – did fall along the line, suggesting
Fig. 2. Analysis of hairpins by size exclusion chromatography. (A) Analytical size exclusion
chromatography was used to determine retention times for the hairpin position 232
mutant series. Values are shown as their Stokes radii relative to the wild type V232
(mean±SEM,n=3). (B)Hairpin SEC results are shown in a scatter plot against gelmobilities
determined in Fig. 1 with the corresponding correlation coefﬁcient shown.
Fig. 3. Circular dichroism spectra of single-stranded TM4 peptide constructs. (A) Amino
acid sequence of the designed TM4 peptide with the segment corresponding to TM4
from CFTR rendered in blue. Lysine residues are included at N- and C-termini as ‘tags’
to aid in peptide synthesis and solubility [12]. The mutated position 232 is highlighted
as ‘X’ in red. (B) The CD spectra of the peptide series were determined in SDS micelles
and are shown in order of increasing helicity (n=3), as indicated to the right of the
diagram.
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expected at these acidic and hydrophilic sites [14].
The possibility that the relatively slower mobilities observed for
TM4 Lys and Arg peptides was due to the formation of dimers rather
than the result of enhanced detergent loading was considered. Lys
and Arg residues have the potential to form cation–π interactions
[16], but this is unlikely in the absence of a Trp in the TM4 peptide,
while two Trp residues occur in the TM3/4 hairpin, including the
membrane-embedded W202 in TM3. In addition, to further rule out
the possibility of TM4–TM4 dimer formation, selected mutants were
also analyzed using a Tris–Glycine gel system which has previously
been shown to resolve monomer–dimer populations that were not
resolved under the NuPAGE MES system [17]. Examined mutants ran
as single bands under both systems, suggesting that mobility variations
are not due to dimer formation (data not shown).Fig. 4. HPLC retention times of CFTR TM3/4 hairpins vs. single-stranded TM4 peptides.
RP-HPLC retention times of TM4 peptides were plotted against previously determined
retention times for the hairpin series [9] in a water/acetonitrile gradient (see Materials
and methods). Data points are identiﬁed by the amino acid mutant at position 232. The
calculated correlation coefﬁcient r is shown.4. Discussion
In the presentworkwe have performed biophysical analysis through
systematic substitution of CF-phenotypic position Val-232 in a TM3/4
hairpin of human CFTR individually to each of the 20 commonly-
occurring amino acids, and compared this library with corresponding
single strand TM4 peptides similarly substituted at position 232 with
each of the 20 commonly-occurring amino acids. Key approachesinvolved the use of SDS-PAGE to detect mutant-dependent variations
in gel mobility [14], in combination with SEC and RP-HPLC measure-
ments, and secondary structure measurements by CD spectroscopy.
4.1. SDS-PAGE and SEC analysis of TM3/4 hairpins vs. TM4 peptides
Most TM3/4 hairpins substituted with hydrophobic residues dis-
played comparable or smaller Stokes radii than the wild type V232.
However, the relatively slower gel mobilities among this group of
mutants is a known consequence of enhanced detergent binding
[14] that might be expected to increase the effective size of the pro-
tein–detergent particle. These seemingly contradictory results may
be rationalized if the volume occupied by the hairpin–detergent par-
ticle is inﬂuenced by additional factors, such as the packing densities
attainable by the TMDs in the TM3/4 construct. For the hydrophobic
mutants, it is possible that enhanced detergent ‘coating’ of these mu-
tants promotes greater particle compactness via intra-hairpin
Fig. 5. SDS-PAGE mobilities of CFTR TM3/4 hairpins vs. single-stranded TM4 peptides.
(A) The gelmigration of eachmutant in the TM4 peptide series is shownwith the position
232 mutant indicated. The wild type V232 is indicated by a red outline. (B) Variations in
gel mobilities of the hairpin mutant library vs. the corresponding TM4 peptide mutants,
normalized to a scale from −10 to 10 and shown in a scatter plot (n=3). The red line
is y=x, the theoretical curve that would represent equal variations in mobility between
both series. Shaded ellipses indicate groups of mutants with mobilities that have statisti-
cally signiﬁcant differences from the curve y=x. See text for a further discussion.
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TM4 peptide is considered exposes all residues to detergent interac-
tion without the possibility of masking by TM3–TM4 contacts. As
well, by allowing access to an aqueous-exposed surface, the micellar
environment allows SDS-PAGE mobility to directly detect the
residue-dependent detergent binding around the full periphery of
the TM4 single helix [18]. The observed variation in CD ellipticity
values of the TM4 peptide library supports the latter contention, as
the amount of SDS bound to the segment is known to inﬂuence heli-
city [14].
4.2. Toward a predictive scale for helix–helix contacts inmembrane proteins
As determined from the experimental approaches reportedhere, the
very high correlation (r=0.94, pb0.05) (Fig. 4) of residue ‘hydropathy’
when measured for TM3/4 hairpins vs. TM4 peptides in the isotropic
environment of a water/acetonitrile gradient on RP-HPLC indicates
that segment hydropathy overwhelmingly dominates the partitioningFig. 6.Modeling the origin(s) of hairpin mobility variations due to helix–helix interactions. (
explain differences in SDS-PAGE mobilities between the hairpins and the single strand TM4
shown in red (as WT Val). (A) The hairpin is fully coated in detergent and favorable tertiary
particular mutation has caused TM4 (and/or TM3) to rotate about its major axis, creating a
model of a mutant where the TM3 and TM4 helices have dissociated, and each helix may inof hydrophobic segments into non-polar microcompartments. In con-
trast, upon comparing the SDS-PAGE mobilities of the series of TM3/4
hairpins (Fig. 1A) with TM4 peptides (Fig. 5A), some intriguing differ-
ences are apparent (Fig. 5B). Firstly, we noted that TM4 SDS-PAGE mi-
gration rates for hydrophobic residues are similar in magnitude
(highlighted in a yellow oval in Fig. 5B), while corresponding hairpins
migrate over a signiﬁcant range. These observations appear to suggest
that the single strand helix effectively becomes saturated by bound
detergent for all hydrophobic side chains — reinforcing the notion that
the micelle can readily surround the single helix. Consistent with this
suggestion, the same subset of residues at position 232 displayed the
highest measured helical contents among CD spectra (Fig. 3). A scale
reported for nonpolar phase helicity similarly indicates a corresponding
group of residues of highest, closely spaced helical proclivities [19].
The implications of our ﬁndings with single strand TM4 peptides, in
turn, act to clarify the folding characteristics displayed by the TM3/4
hairpin library. The fact that migration varies among the same group of
hydrophobic residues (Fig. 5B) raises the possibility that many of the
hairpins retain intra-hairpin contacts during SDS-PAGE experiments.
The observed migration differences – that trend toward greater deter-
gent binding for several hydrophobic mutants in the hairpins vs. the
TM4 peptides – may thus reﬂect residue-dependent re-orientations of
a TM3–TM4 van der Waals interface, thereby exposing varying faces of
the hairpin helices to the SDS detergent in eachmutant. This supposition
is modeled in Fig. 6. Here, the wild type hairpin may retain tertiary con-
tacts in SDS (Fig. 6A). A given mutation may preserve such helix–helix
association, or do so by formation of an alternate van derWaals interface,
causing rotation of (likely) both TM3 and TM4 segments around their
major helical axes, thereby exposing different faces that in turn alter
themeasured extent of SDS binding (Fig. 6B). Alternatively, a localmuta-
tion may lead to dissociation of the helices that take on a ‘necklace and
bead structure’ with independent – and likely increased – detergent–
micelle interactions vs. the wild type hairpin (Fig. 6C). It is emphasized
that our results provide no direct information on dynamic equilibria
that may exist among the hairpin structures depicted in Fig. 6, and a
given hairpin may consist of varying populations of species A, B, and/or
C, which have been inferred based on the currentwork and previous bio-
physical and computational studies [10,20]. These sets of interactions
would not arise in the monomeric single strand peptides, albeit deter-
gent binding is similarly inﬂuenced by mutant-induced variations in
peptide helicity and location within the micelle. Interestingly, the posi-
tively charged Lys and Arg are the only residues having much higher
TM4peptidemobility relative towhere they fall among the hairpin series
(Fig. 5B), a result that is best explained in the hairpins by the burial and
interhelical interactions of Lys andArg side chainswith polar substituents
on the TM3 helix, such as Gln-207 which is supported by the increased
helicity of these constructs [9,10].A–C) Models of residue-dependent hairpin conformational interconversions that could
peptides (Fig. 5B). Models were generated by PyMol [28]. The mutated position 232 is
helix association is promoted. (B) A scenario where helix association is retained, but a
new helix–helix interface and thereby exposing different sets of residues to SDS. (C) A
teract independently with the detergent micelles.
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depend on peptide context
Substitution of Val with the residues D, E, N, and Q at position 232 in
the context of the TM4 peptide causes amobility increase on SDS-PAGE.
While this result is consistent with decreased hydrophobicity and/or
SDS binding by the TM4peptide, it contrastswith previous observations
of polar residue substitutions in other single peptidemodels. For exam-
ple, in the context of a 23-residue poly-Leu model TMD, a second,
slowly-migrating band appears on SDS-PAGE when a single Leu is
replaced with D, E, N, or Q, which was identiﬁed as a dimer stabilized
by interhelical hydrogen bonding [21,22]. Swapping of Val for N at the
12th position of the 20-residue hydrophobic segment of the de novo
designed peptide MS1 also decreased the SDS-PAGE mobility of this
peptide such that its apparent MW was that of the dimeric species
[23]. However, the decreased SDS-PAGE mobility of the Asn- vs. Val-
substitutedMS1 peptides has been attributed to a signiﬁcant difference
in their interactions with SDS [24]. The effects of polar residue substitu-
tions on the SDS-PAGE mobility of peptides are therefore complex, and
appear from these combined results to depend on the sequence back-
ground that hosts the polar residue replacement and/or peptide–SDS
interactions; as such, we suggest that SDS-PAGE migration data should
be conﬁrmed by secondary methods.5. Conclusion
The SDS-PAGE methodology described herein, in conjunction with
the application of several complementary biophysical techniques,
allow a residue-dependent analysis of how individual amino acid side
chains in a membrane protein/peptide construct can inﬂuence local
detergent (lipid) interactions— and how these interactions may direct-
ly inﬂuence tertiary helix–helix interactions. While residue hydropho-
bicity is consistently the dominant effect, mutant-mediated variations
in interhelical folding can play a concurrent role in determining the con-
formation of a given hairpin–micelle (Fig. 6) complex and in turn how
these single site mutations can lead to or inﬂuence the severity of a va-
riety of diseases including cysticﬁbrosis, retinitis pigmentosa and type 2
diabetes [25−27]. Understanding the sequence-dependent nature of
these processes is essential to determining the structural basis for
disease-phenotypic mutations and ultimately what may be the best
strategy to correct them. This work clearly describes the signiﬁcant
folding implications that can be brought about by a single mutation
to a membrane-embedded protein. Future work will aim to elucidate
the context dependence of these effects as the mutations' position
within the helix is varied.Acknowledgements
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